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ORIENTIFOLD PARTITION FUNCTIONS
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ORIENTIFOLD
PARTITION FUNCTIONS

1
@ Closed 5 ZXi(T)Zz'in(f) 3 Z Kixi(27)
17 ) )}
9 Open % Z NaNbAiabxz A ZN Mzaf@

i :  Primary field label (finite range)
a : Boundary label (finite range)

i : Character
N, : Chan-Paton (CP) Multiplicity
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ALGEBRAIC CHOICES

@ Basic CFT (N=2 tensor, free fermions...)
(Type IIB closed string theory)

@ Chiral algebra extension (¥)
May imply space-time symmetry (e.g. Susy: GSO projection).

Reduces number Of characters.

@ Modular Invariant Partition Function (MIPF) (%)

May imply bulk symmetry (e.g Susy), not respected by all boundaries.
Defines the set of boundary states
(Sagnotti-Pradisi-Stanev completeness condition)

Q@ Orientifold choice(¥)

(*) all these choices are simple current related
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ACCESSIBLE RCFT’s

Q@ “Gepner Models” (¥)
(minimal N=2 tensor products)

@ Free fermions (4n real + (9-2n) complex)

Q@ Kazama-Suzuki models
(requires exact spectrum computation)

Q@ Permutation orbifolds

9.

() See also: Angg[antonj el. al.

Blumenhagen et. al.
Aldazabal et. al.

Brunner et. al.
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MIPFS*

Q CFT has a discrete “simple current” group @
Choose a subgroup H of G

@ Choose a rational matrix X, g obeying

e
XO{Oé

Qja(Jg) mod ]., 8% # ﬁ
_hJa

NG e e s ol tor-all dueD
Qs(a) = h(a) + h(J) — h(Ja)

Q This defines the torus partition function as

Z;; 1s the number of currents L € H such that

G 2 £

Qum(i) + X(M,L) = 0mod]1 for all M € H.

*Galo-Rivera, Kreuzer; Schellekens (1991-1995)
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ORIENTIFOLD CHOICES*™

Q@ “Klein bottle current” K (element of H )

Q@ “Crosscap signs” (signs defined on a

subgroup of H), satistying

Brc(N)Bx(J') = B (J TN X T g T e H

*Hutszoon, Sousa, Schellekens (1999-2000)
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BOUNDARIES AND CROSSCAPS

W Boundary coefthicients

’H’ * J
R[a,¢a](m,J) 7 \/|Ca‘ |Sa‘wa(‘])5am

@ Crosscap coefficients

Z em(hK_hKL)ﬁK(L)PLK,m5J,0

G
VIRl [

Cardy (1989)
Sagnotts, Pradist, Staney (~1995)
Huiszoon, Fuchs, Schellekens, Schweigert, Walcher (2000)
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COEFFICIENTS
Q@ Klein bottle @ >

Q@ Moebius @ >

; P R a0 o e
Mia,p,) = Z G

vyl
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TADPOLES & ANOMALIES

Na
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Q@ Tadpole cancellation condition:
2 NoRy(m,1) = 41mUm, 1)
b

Q Cubic TrF? anomalies cancel

® Remaining anomalies by Green-Schwarz
mechanism

Q@ In rare cases, additional conditions for
global anomaly cancellation®

*Gato-Rivera, Schellekens (2005)

Sunday, 2 May 2010



MODEL BUILDING




Hidden (Dark matter)
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MODELS

3 tamilies
+ anything vector-like

Anything that cancels the tadpoles
(not always needed)

Fully vector-like

(not always present)

Vector-like: mass allowed by SU(3) x SU(2) x U(1)
(Higgs, right-handed neutrino, gauginos, sparticles....)
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THE MADRID MODEL*

b= U2} Sp&

i

(u,d)

W d® ﬁ ¢ 1 O s p )

1 1 1
e Ui e s~ d
GQ 2Q 2Q

(*) lbanez, Marchesano, Rabadan
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ABELIAN MASSES

Green-Schwarz mechanism

e A APV Y
RR-axion

Axion-Vector boson vertex

Generates mass vector bosons of anomalous symmetries
(e.g. B+ L)
But may also generate mass for non-anomalous ones

(Y,B—L)
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SEARCHES




DATA

2004-2005%* 2005-2006"
e ‘“Madrid®~ | All 5 Ganily ot
Chiral types 19 19345
T ), 18 1900
Total configs 45 x 100 145 x 10°
Tadpole free, distinct 210.000 1900
Max. primaries 00 1750

(.*.) Huiszoon, Dijkstra, Schellekens

(T) Anastasopoulos, Dykstra, Kiritsis, Schellekens
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A ‘“‘MADRID” MODEL

Gauge group: Exactly SU(3) x SU(2) x U(1)!
[UB)xSp(2)xU(1)xU(1), Massive B-L., No hidden sector]

3x(V VvV ,0 ,0) chirality 3 Q
BeEEa0 i Vs O T chiralitys =3 U

3x(V 0 ,0 ) chirality -3 D*

DG 05l V ) chirality 3 I

2xeC 00 Nesehiralityes et - CEr
3x(0 ,0 V*) chirality 3 N*

B GOTaY 0 ) Higgs

2w (a0 V)

2 x (Ad,0 0 )

% (Gl ) 0 )

6 x (S 0 )

14 x (O (0 =50%)

6x (0 0 ,0)

9x (0
6 x (0
14 x (O
e ##)
4 x (0
6 x (0

<
»*

A A

-

NS e, e < O

B Vot L O, 1 O
> =)
o
N

-

-
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A ‘“‘MADRID” MODEL

Gauge group: Exactly SU(3) x SU(2) x U(1)!
[UB)xSp(2)xU(1)xU(1), Massive B-L., No hidden sector]

3x(V VvV ,0 ,0) chirality 3 Q
3x(V ,0 Vv ,0) chirality -3 U

SRS (e e OB e hiraliey =3 D*

3x(0 ,v ,0 ,V) chirality 3 &

5x (0 ,0 V V) chirality -3 Bar(EES)
3x(0 ,0 vV V¥ chirality 3 N#*
18x(0 VvV V ,0) Higgs
2x(V ,0 0 V)

2x(Ad,0 ,0 ,0)

2x(A 0 ,0 0)

6x(S 0 0 ,0) Vector-like matter
14x(0 A 0 ,0) V=vector

6x(0 S ,0 ,0) A=Anti-symm. tensor
9x(0 ,0 ,Ad ,0) S=Symmetric tensor
6x(0 0 A ,0) Ad=Adjoint

14x(0 0 S ,0)

3x(0 ,0 ,0 ,Ad

4x(0 0 ,0 A)

6x(0 0 ,0 ,S)
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AN SU(5) MODEL

Gauge group is just SU(S)!

U(5) USs Ol Ol

3x (A ,0 ,0) chirality 3
11 x (Vv ,V ,0) chirality -3
B¢ (S5 (%)

(10) 3 x (Ad .0
1x (0O A
im0\,
8x (V ,0
2 (05ES

&) 4 x (0 0
4x (0 ,0

Top quark Yukawa’s?
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NEUTRINO MASSES
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NEUTRINO MASSES™

Q In field theory: easy; several solutions.
Most popular:
add three right-handed neutrinos

add “natural” Dirac & Majorana masses (see-saw)

(Mp)?

. Mp =~ 100 MeV, M =~ 101 ...10 GeV
My

m, —

Q@ In string theory: non-trivial.
(String theory i1s much more falsifiable!).

Q Questions:
Can we find vacua with small neutrino masses?
Are they generically small?
If not, why do we observe small masses?

(*) lbariez, Schellekens, Uranga, arxiv:0704.1079, JHEP (to appear)

Blumenhagen, Cvetic, Weigand, hep-th/0609191
lbariez, Uranga, hep-th/0609215

Other tdeas: see e.g. Conlon, Cremades; Gredt, Kane, Langacker, Nelson;
Buchmuller, Hamaguchi, Lebedev, Ratz, ....
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Madrid model (with hidden sector)

lepto-quark

\) (e7»v)
< i Higgs
w ;
- C

).

(@)
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All these models have three right-handed

neutrinos (required for cubic anomaly cancellation)

In most of these models:
B-L survives as an exact gauge symmetry

Neutrino’s can get Dirac masses, but not Majorana
masses (both needed for see-saw mechanism).

In a very small* subset, B-LL acquires a mass due to axion
couplings.

(*) 391 out of 213000, all with SU(3)x Sp(2)x U(1)x U(1)
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But even then, B-L still survives as a perturbative symmetry.

It may be broken to a discrete subgroup by instantons.

This possibility can be explored if the instanton 1s
described by a RCFT brane M.

B-L. violation manifests itself as:
Inga — Iagar — Ipga + Ippar £ 0

Ima = chiral [# (V,V®) - # (V*, V)] between branes M and a

a’ = boundary conjugate of a
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Madrid model (with hidden sector)

lepto-quark

\) (e7»v)
< i Higgs
w ;
- C
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(@)
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Madrid model (with hidden sector)

lepto-quark
\\\\\\\_- IO
\) (e=sv)
(u,d) s
it 4 iggs
DteRaie
: C

charge 1/2

______

Instanton 7 4
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Madrid model (with hidden sector)

lepto-quark
v
\) (e=sv)
(u,d) .
c 4 Higgs
; C
a d

charge 1/2 /

\\\\\\

Instanton
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B-LL ANOMALIES

e — i e e = 0

Implies a cubic B-LL anomaly if M 1s a “matter” brane

(Chan-Paton multiplicity # 0).

= M cannot be a matter brane:
non-gauge-theory tnstanton

Implies a (B-L) (Gm)? anomaly even if we cancel the
cubic anomaly

= B-I. must be massive

(The converse is not true: there are massive B-LL models without such
instanton branes)
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REQUIRED ZERO-MODES

Neutrino mass generation by non-gauge theory

instantons™

The desired neutrino mass term Vveve
violates ¢ and d brane charge by two units.
To compensate this, we must have

Infe =25 Iyja=—-2 or Iya =25 Iye = —2

and all other intersections O.

(d’ 1s the boundary conjugate of d)

(*) Blumenhagen, Cvetic, Weigand, hep-th/0609191
lbariez, Uranga, hep-th/0609215
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NEUTRINO-ZERO MODE COUPLING

The following world-sheet disk 1s allowed by

all symmetries
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o A R T e ik 77l
/d adye (Qar®y5) = Vs ( €€md, dy )

Additional zero modes yield additional fermionic

integrals and hence no contribution

Theretore Ima=Imb=Imx=0 (x = Hidden sector),
and there should be no vector-like zero modes.

There should also be no instanton-instanton

zero-modes except 2 required by susy.
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INSTANTON TYPES

In orientifold models we can have complex and real branes

Matter brane M Instanton brane M
U(N) U (k)
o) Sp(2k)
Sp(2N) O(k)

]Mc:27 Iyig = =2 or ]Md’zz; Inpe = =2

Possible for:

Q@ U, k=1or?2
¢ Sp, k=1
Q@ O, k=1,2
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UNIVERSAL INSTANTON-
INSTANTON ZERO-MODES

QU®L): 4 Adj
2Sp(2k): 2 A +2S
20k): 2A+2S

Only O(1) has the required 2 zero modes

Sunday, 2 May 2010



INSTANTON SCAN

Can we find such branes M in the 591 models with massive B-L?
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INSTANTON SCAN

Can we find such branes M in the 591 models with massive B-L?

Q@ About 30.000 “instanton branes” ( Iy — Inar — Ina + Iyar £ 0)
Q@ Quantized in units of 1,2 or 4
(1 may give R-parity violation, 4 means no Majorana mass)
Q@ Some models have no RCFT instantons
Q@ 1315 instantons with correct chiral intersections
@ None of these models has R-parity violating instantons.
@ Most instantons are symplectic in this sample.
@ There are examples with exactly the right number, non-chirally,

except for the spurious extra susy zero-modes (Sp(2) instantons).
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INSTANTON SCAN

Can we find such branes M in the 591 models with massive B-L?

Q@ About 30.000 “instanton branes” ( Iy — Inar — Ina + Iyar £ 0)
Q@ Quantized in units of 1,2 or 4
(1 may give R-parity violation, 4 means no Majorana mass)
Q@ Some models have no RCFT instantons
Q@ 1315 instantons with correct chiral intersections
@ None of these models has R-parity violating instantons.
@ Most instantons are symplectic in this sample.
@ There are examples with exactly the right number, non-chirally,

except for the spurious extra susy zero-modes (Sp(2) instantons).

...almost
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Tensor MIPF | Orientifold | Instanton Solution
(1,16,16,16) | 12 0 S QeSS Yes
B2 1082w 1 0 D ?
(2,4,12,82) | 19 0 i )= No
L2010 B2 =19 0 Sl B e No
(2,4,14,46) | 10 0

(2,4,14,46) | 16 0

(2,4,16,34) | 15 0

(24 16, 34)5=15 1

(2,4,16,34) | 16 0 SO Yes
(2,4,16,34) | 16 1

(2,4,16,34) | 18 0 DD Yes
(2,4,16,34) | 18 0 B e DR U e s N
(2,4,16,34) | 49 0 PRt e B Yes

Continued on next page
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Tensor MIPF | Orientifold | Instanton Solution
(2,4,18,28) | 17 0

(2180500 (TS 3 S Sl Yes!
(Rl 200 e N 2 SanES D] Yes
(222 2900513 1 SR SO, No
A 2082 2 =TS 0 SRRSO Yes
(@R 2222383 i s Tz No
2R =20 0

(2B e 0

(RAE2989 215 G 1 02,027, O Ol= " [ Yes
(9 G o 2 L B A i EAsT No
(2,6,14,14) | 22 %

(2,6,14,14) | 60 2

(2,6,14,14) | 64 0

(2,6,14,14) | 65 0

(265022551522 2

(2,6,8,38) 16 0

(2,8,8,18) 14 2 Sl SO Yes
(2,8,8,18) 14 0 Silbe o No
(2,10,10,10) | 52 0 GRS No
(4,6,6,10) 41 0

(4,4,6,22) 43 0

(6,6,6,6) 18 0
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AN SP(2) INSTANTON MODEL

U3S2U1U1O0O

3x(V vV ,0 ,0 ,0) chirality 3
3x(V ,0 V ,0 ,0) chirality -3
S e R R e SR (R R ez a7
SRRV SRR SVESORE chifalites
e e O BRSSO chiralifyiEes
S 0n N eV ES O S hiralitys 3
IS 0RE 00 Vs D)= ehifalibye]
1x(0 ,0 ,0 ,v V) chirality 1
o e SRR VRS a1
A OGN0
Zere S AU 0SB0 0
e A e O § e B R
G (aSi = 0 050050
| A0 A 1002503
B (L0 aSEo002E05)
9x(0 ,0 ,Ad,0 ,0)
6x(0 0 A 0 ,0)
[y GaiE e n e SEate 0=
3x(0 ,0 0 ,Ad, 0)
456G 000 50550505
D a0 D 0ES = )
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AN SP(2) INSTANTON MODEL

U3S2U1U1O0O

3x(V vV ,0 ,0 ,0) chirality 3
3x(V ,0 V ,0 ,0) chirality -3
B (R RE0E 0 JEehialieEes
SR E0NV 0 SVEE 0 Jachifalitys
S e R BRSSO IEehiraliiyEss
S 0L N0 VE: 0 Eehiralitys3
1x(0 ,0 v ,0 V) chirality -1
1x(0 ,0 0 ,v V) chirality 1
IS NGV NATS 0 i)
P boa e 0 P b s A VS O I
e S AdR0- G041 0
e e e O
eSS 0e 20508 0 )
A0 A #0730 0 9§
B (O aSEo 001024 0 )
9x(0 ,0 ,Ad,0 ,0)
6x(0 0 A 0 ,0)
[P EGaiEcn e SEatiee O
3x(0 ,0 0 ,Ad, 0)
4x(0 0 0 A 0)
e 0= 052S= 0 )
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THE O1 INSTANTON
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Dimension
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OTHER OPERATORS

Operator U S O
VRVR 3 627 3
LHLH 5 550 3
LH 6 0 4
ODL 12 0 4
UDD 0 0 4
LLE 12 0 4
QOOL 4 0 3892
UUDE 4 0 3330
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@ Neutrino masses:

“an incomplete success.”

With suthcient statistics, O1 instantons

without superfluous zero-modes will be found.
@ Boundary state statistics:

12 million Unitary

3 million Orthogonal

2 million Symplectic = 270000 O1

Q@ But what is the real reason why neutrino

masses are small?
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